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ABSTRACT 

Apparatus and methods used t o  determine the amount of power t rans-  
1 ferred continuously t o  a hydrogen plasma at r ad io  frequencies are de- 

scr ibed.  
of i n i t i a l  ion iza t ion  i n  a mirror-type magnetic f i e l d  and a t ransmi t te r  
capable of supplying up t o  15  kilowatts w a s  used as the r.f.  power source. 
The r e s i s t ance  which the plasma r e f l e c t s  back i n t o  the  r.f.  c o i l  c i r c u i t  
w a s  used t o  determine the  amount of power t r ans fe r r ed  t o  the plasma. 
l i g h t  i n t e n s i t y  of t he  plasma was measured and e lec t ron  densi ty  was de- 
t.ermined by means of microwave interferometer.  

A Philips-Ionization-Gauge type discharge w a s  used as a source 

The 

Although the inves t iga t ion  t o  date has been pr imari ly  concerned with 
i n i t i a l  phases of developing apparatus and procedures, some da ta  have been 
obtained at  powers up t o  2 ki lowatts .  
t o  60 percent were obtained a t  i n i t i a l  pressure l e v e l s  of 0.5 t o  2 microns. 
The measured e lec t ron  dens i t i e s  were approximately loll electrons/cc,  in -  
d i ca t ing  about 1 percent ionizat ion.  The resonant point ,  i d e n t i f i e d  as 
the po in t  of maximum power t r ans fe r  t o  t h e  plasma, occurred a t  magnetic 
f i e l d s  18  t o  47 percent grea te r  than tha t  corresponding t o  ion cyclotron 
resonance f o r  atomic hydrogen ions. 
measurements showed s i m i l a r  behavior. An explanation f o r  t h i s  s h i f t  i s  
presented. 

Power-transfer e f f i c i enc ie s  of 50 
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Light- intensi ty  and electron-densi ty  

d INTRODUCTION 

The production of a continuous source of highly-ionized hydrogen 
plasma has been undertaken as p a r t  of t h e  plasma physics research program 
a t  NASA-Lewis Research Center. 
the  ion  cyclotron resonance method i n  which r .f .  power can be r ead i ly  
t r ans fe r r ed  t o  ions when the frequency of t he  power source i s  near t he  
ion cyclotron frequency. 
s i b l e  a t  e f f i c i enc ie s  of a t  l e a s t  85 percent, which i s  a marked improve- 
ment over t h a t  obtained using r . f .  

The method of plasma heating se l ec t ed  is  

As shown by S t i x  ( R e f .  1) such t r a n s f e r  i s  pos- 
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or w i t h  a magnetic f i e l d  d i f f e ren t  than t h a t  required f o r  ion cyclotron 
resonance. Since the  degree of ionizat ion i s  dependent on the power in-  
put,  proper u t i l i z a t i o n  of the resonance e’ffect should be a valuable a i d  
i n  the  production of a highly-ionized plasma when the source of r.f. 
power i s  r e l a t i v e l y  l imi ted .  

Several  experiments i n  which the ion cyclotron resonance method has 
been u t i l i z e d  have been reported (Refs. 1 t o  5) ;  however, these inves t i -  
gat ions have e i t h e r  been conducted using r .f .  pulses  of high power but  
shor t  duration or e l s e  using continuous low-power ( m i l l i w a t t  l e v e l )  s ig -  
n a l  generators.  
amounts of power (15 kw) l eads  t o  d i f f e ren t  design and operating problems 
than previously encountered. For example, although Hooke e t  al.  (Ref. 2)  
used a 1-megawatt r .f.  pulse  of about 4-millisecond duration, the ac tua l  
energy t r ans fe r  is  less than would be put  i n t o  the plasma by the  15- 
ki lowatt  source i n  1 second; thus severe heating problems can be expected. 
Also, e x t r a  precautions are required t o  minimize electromagnetic rad ia t ion  
i n t o  r ad io  communication bands. However, c e r t a i n  advantages a r e  t o  be 
expected i n  a continuously operating system. Power measurement should be 
considerably eas i e r  t o  accomplish since t i m e  i s  ava i lab le  t o  properly 
match the  r.f. source t o  the  plasma under a l l  conditions and power can be 
read d i r e c t l y  from meters. Also, outgassing or cleanup of the vacuum 
system, which can be time consuming, should be swi f t ly  accomplished by 
the continuous ac t ion  of t h e  plasma. 

The present  objective of using continuous but  moderate 

The research reported herein has been pr imari ly  concerned w i t h  i n i -  
L i a i  phases of s e t t i n g  up t h e  apparatus, developing the necessary proce- 
dures f o r  operation and control ,  and analyzing the  c i r c u i t r y .  Some pre- 
l iminary data  on power t r ans fe r  t o  the plasma have nevertheless been 
obtained as a consequence of checking out t he  apparatus and procedures 
and these  have been included. 
l e v e l s  of 1 t o  2 ki lowatts .  Higher power runs w i l l  be made a t  a l a t e r  
date.  
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The data taking has been l imi t ed  t o  power 

APPARATUS 

A longi tudina l  cross-section of the ion cyclotron resonance appara- 
t u s  (ICRA-2) i s  shown i n  Fig. 1. 
ously a t  about 2 t o  14 cubic centimeters per  minute a t  atmospheric pres-  
sure  and room temperature w a s  introduced i n t o  the  Phi l ips-Ionizat ion-  
Gauge (P.1.G)-type discharge and pumped out at the other end of the  
system by means of a 6-inch d i f fus ion  pump. The base pressure of the 
system w a s  about loe7 mill imeter of mercury. 
cont ro l led  by the  amount of gas flow and w a s  measured at the  center  of 
t he  apparatus by a McLeod gauge having a l iquid-ni t rogen cold t rap .  
4-inch I.D. pyrex g l a s s  discharge tube had 3-inch I .D .  arms i n  the  center  
fo r  t h e  microwave horns, f o r  connections t o  the sh ie ld ,  and f o r  connec- 
t i o n  t o  the  McLeod gauge. Twelve water-cooled d.c. c o i l s  connected i n  
series and supplied w i t h  up t o  4400 amperes from req&$lyAcontrc+Zled .gen- 
e r a t o r s  -groduced a m a x i m u m  f i e l d  of l0,’OOO 

Ultra-pure hydrogen flowing continu- 

The operating pressure w a s  

The 
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1 r.f. c o i l  and 20,000 gauss i n  t h e  mirrors. The f i e l d  v a r i a t i o n  w a s  kl- 4 
percent i n  the uniform r e g i m  as measured by a nuclear-magnetic-resonance- 
type gauss meter. Figures 2 and 3 show a l i t t l e  of t h e  d e t a i l  of the  d.c. 
c o i l s  and how the  apparatus may be separated at the center f o r  removal of 
the  g lass  tubes or r . f .  c o i l s .  Most of t h e  operation of t h e  apparatus 
and the  instrumentation w a s  done remotely from a control  room (Fig.  4 ) .  

The P.I.G. discharge w a s  located i n  the f i e l d  of the l a r g e  magnet so 
t h a t  the  magnet c o i l  on the P.I.G. w a s  not required f o r  operation. 
w a s  necessary t o  loca te  the P.I.G. discharge f a r t h e r  from t h e  apparatus 
than desired for  bes t  performance with the r e s u l t  t h a t  the  plasma column 
i n  the discharge tube w a s  compreqsed t o  about 1/2 inch i n  diameter at 
maximum magnetic f i e l d .  
t h e o r e t i c a l  considerations f o r  coupling between the r .f .  c o i l  and the 
plasma column. 

It 

Such small diameter i s  not des i rab le  as shown by 

A new and l a r g e r  source i s  being fabricated.  

The r.f.  c o i l  w a s  a four-section c o i l  with four tu rns  per sect ion 
fabr ica ted  using 3/8-inch copper tubing coated with e i t h e r  polyethylene 
insu la t ion  or a baked epoxy tape. 
nected i n  the  manner used i n  R e f .  1 t o  give the  instantaneous f i e l d  d i -  
r e c t i o n s  shown i n  Fig. 1. 
of the first c o i l  and the  center  of the t h i r d  c o i l )  w a s  16  inches and the 

The c o i l s  were reverse  wound and con- 

The wavelength (dis tance between the center 

I . D .  of  t h e  c o i l  w a s  5 2  inches. 
(115' F) t o  prevent water vapor i n  the room air  from condensing nnc? d15p 
ping down onto the matching network terminals. 

The c o i l  was  cooled with warm water 

For most of the  data reported herein an aluminum shie ld  w a s  used t o  
s h i e l d  the  plasma from the e l e c t r o s t a t i c  f i e l d  of the r . f .  c o i l .  This 
s h i e l d  was intended or ig ina l ly  as a quick f i x  on a problem which arose 
during the t e s t s  and s o  w a s  not designed t o  be a low l o s s  shield.  The 
r e s u l t s  using it were so reproducible and in te rpre tab le  t h a t  it was l e f t  
i n  f o r  t h i s  p a r t  of the program. 
inch sheet  i n  two sections,  each section having a longi tudinal  s l o t .  It 
would have been preferable t o  l o c a t e  the s h i e l d  outside of the  vacuum 
tube, but  i n s u f f i c i e n t  spacing and voltage breakdown considerations forced 
the  s h i e l d  t o  be placed inside.  
from t h e  s h i e l d  t o  a flange i n  the bottom a r m  of the  g l a s s  tube ( see  
Fig. 1). 

The sh ie ld  i t s e l f  w a s  r o l l e d  from 1/16- 

Each section w a s  grounded by a s t r a p  run 

A block diagram of the r . f .  system is  shown i n  Fig. 5. A l l  elements 

The t ransmit ter  output w a s  de- 
were w e l l  shielded except the leads t o  the c o i l .  
ments v e r i f i e d  the adequacy of shielding. 
signed f o r  600-ohm load s o  i t  w a s  necessary t o  add a balun between the 
t ransmi t te r  and the matching network. 
measure both the  power output and any r e f l e c t e d  power due t o  mismatch. 
In  normal operation the matching network w a s  carefu l ly  adjusted so t h a t  
t h e  r e f l e c t e d  power w a s  always less than 10 watts. 

Field- intensi ty  measure- 

A d i r e c t i o n a l  coupler w a s  used t o  

A s  an addi t ional  check 
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as t o  whether the r . f .  c i r c u i t  was maintained as a purely r e s i s t i v e  load 
and as an a id  i n  tuning the  network, the  phase angle between the  voltage 
and current a t  the network input was measured. 

The network used t o  transform the impedance of the c o i l  system s o  
tha t  it appeps t o  be a 50-ohm resis tance i s  shown i n  Fig. 6(a).  
at which the  voltage and current of the c o i l  c i r c u i t  a r e  measured a r e  
a l s o  shown. 

Points 

R.F. CIRCUIT ANALYSIS 

Considerable t i m e  w a s  spent making impedance and res i s tance  measure- 
ments on the  r .f .  c o i l  both d i r e c t l y  and by analyzing the c i r c u i t  from 
voltage and current measurements both with and without plasma. 
the  measurements have been obtained with the  sh ie ld  i n s t a l l e d  and numbers 
quoted are f o r  t h i s  p a r t i c u l a r  case. The results indicated t h a t  the  c o i l  
(shown ins ide  of the dashed l i n e s  i n  Fig. 6 ( b ) )  acted l i k e  a capacitor 
Cp i n  p a r a l l e l  with a s e r i e s  combination of inductance L and resist- 
ance Rs. Resistance Rs = R, + Rp where R, is  t h e  c o i l  res i s tance  
and :Rp The 

included t h e  d is t r ibu ted  capacitance of t h e  c o i l ,  the  ca- 
p a c i t a n c e t o  the  grounded s h i e l d  inside the  vacuum tube, and the capaci- 
tance t o  a grounded sh ie ld  located at t h e  inside diameter of the  d.c. 
c o i l s .  
C, = 120 ppfd and R, = 0.5 R .  Values changed s l i g h t l y  for diffPrPy?f 
c o i l s  and i n s t a l l a t i o n s .  The Self-resonant frequency of t h i s  combination 
w a s  measured t a  be about 9 mc. 

Most of 

is res i s tance  r e f l e c t e d  i n t o  the  c o i l  because of plasma. 
-capac i tor  Cp 

Approximate component values at  6.5 mc were L = 2.7 ph, 

The c i r c u i t  shown (Fig.  6 ( b ) )  has an equivalent c i r c u i t  (Fig. 6 ( c ) )  
such t h a t ,  

- LcCp(Rc + RP) 2 
a' = 

2 
u2C:(Rc + RP) 

2 
For t h e  present  case where u2CE(Rc + RP) << (1 - u2LCp) and 
coCp(Rc + RP) 

R, + R 
R '  r 

S (l - uZLCp)2 

L 
2 i - UI L C ~  

L' s 



- 5 -  

If L and Cp remain constant, R; + R i  is proportional t o  Rc + Rp 
and L' i s  proport ional  t o  L. These values of RA + Ri and L'  are 
the quan t i t i e s  t he  e t c h i n g  network must convert t o  50 ohms re s i s t ance  
load. 

A t  t h e  m a t c h e d  condition the  reactance of t h e  c i r c u i t  must be 2ero 
and the  res i s tance  must be 50 ohms; these occur when, 

and, 

50 = 

With & defined such tha t  

the two equations can be expressed i n  terms of RL 

OZL, = 2/50 R i  - ( R J ) 2  

The e f f e c t  of R& on C and i s  sketched i n  Fig. 7.  As t h e  
load  r e s i s t ance  R i  increases  C decreases and L, increases or  de- 
creases depending upon t h e  port ion of the  curve being considered. For 
the  present  work the  values of RA were s m a l l  so t h a t  the  values of L, 
were on the  r i s i n g  port ion of the  curve. Hence, as RA increased, L, 
increased and Cs increased. I f  L' should change, & would a l so  
change, however, f o r  t h e  present work L' w a s  constant;  t h i s  w a s  deter- 
mined from the  f a c t  t h a t  changed only s l i g h t l y  and i n  the amount t o  
account for a d i f f e r e n t  value of L, as required by a l a rge r  value of 

C, 

R; . 
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PLASMA POWER MEASUREMENTS 

There are two ways of determining the power which i s  t ransfer red  t o  
the plasma. 
power t r a n s f e r  from current  and power measurements. 
Ri = W/I2 where W i s  t h e  amount of power put i n t o  the  network when 
plasma i s  present.  
power -input i s  Wc and the resis tance RA = Wc/12 .  Hence 

The first method consists of determining an eff ic iency of 
“he res i s tance  

Without plasma (i .e. ,  without hydrogen flow) the 

and t h e  percentage e f f ic iency  of power t r a n s f e r  i s  

2iL x 100 
R{ + Ri 

or 

w - w, 
x 100 w 

m- - 
A l A C  2j3we.l U I C U . S U C ~ I ~ C U L S  rnusi be maae using t n e  same current.  

The second method cons is t s  of determining the  load resis tances  RL 
and Rh  from t h e  capacitance readings of C and Cs with and without 
plasma and then calculat ing the efficiency by 

R ’  
x 100 

R{ + Ri 

The res i s tances  can be obtained from the t h e o r e t i c a l  curves which show 
how C and L, vary with the load resis tance.  Hence, from capacitance 
readings on C and Cs values of RA can be determined. In pract ice ,  
it has been found that Cs v a r i e s  only a s l i g h t  mount  (less than 5 wfd)  
so  t h a t  f o r  the  present s i t u a t i o n  C is  a b e t t e r  quant i ty  t o  use. The 
capaci t ive reactance of C i s  very low and even s l i g h t  inductance ( say  
50 w h )  i n  s e r i e s  with C can cause an appreciable change i n  the  capaci- 
t i v e  reactance. Therefore, cal ibrat ion of C must be made at  the oper- 
a t i n g  frequency or determined i n  some other manner. 

Both of these methods have been used with l e s s  than 10 percent vari- 
a t i o n  i n  results. Currently, t h e  f i rs t  method i s  being used, ch ief ly  be- 
cause of the  ease of pu t t ing  the  measured q u a n t i t i e s  i n t o  a recording 
sys  tem. 
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MICROWAVE AND LIGHT- INTENSITY MEASUREMENTS 

Electron dens i t i e s  were measured using an 8-millimeter-microwave 
interferometer .  A diagram of the  system i s  shown i n  Fig. 8 and the  theory 
of operation is  discussed i n  R e f .  6. The power l e v e l s  i n  the  two a s m s  
were made equal, and t h e  amplitude of t he  combined s igna l  w a s  recorded 
with a camera mounted on the  oscil loscope. 
two s igna ls  i s  given by t h e  r e l a t ion :  

The phase angle between the  

where 

8 phase angle 

P1 power i n  the  reference arm 

P vector  sum of powers i n  t h e  two a r m s ,  t h a t  is, t h e  t o t a l  power out 

The e lec t ron  densi ty  ne i n  p a r t i c l e s  per  cm3 is  then given by 

ne = 2.07><109 f(A0/2) 

where 

f generator frequency i n  kmc 

A6 phase angle change i n  degrees 

2 path  length through t h e  plasma i n  cm 

The plasma w a s  assumed t o  be a slab ‘2 cm t h i c k  with constant e lec t ron  
densi ty  throughout. 
t h a t  t h e  plasma w a s  cy l indr ica l .  

No attempt w a s  made t o  cor rec t  t he  da t a  for  the  f a c t  

The i n t e n s i t y  of the  l i g h t  emitted from the  plasma w a s  measured with 
a type 931-A photomultiplier tube and recorded on an x-y p l o t t e r .  

RESULTS AND DISCUSSION 

A l l  of the  data presented herein have been taken with constant r.f. 
cur ren t  of 22 amperes, frequency of 6.5 megacycles, and the  aluminum 
s h i e l d  i n  place, although some da ta  have been taken without t he  sh ie ld .  
The results without t h e  sh i e ld  indicated a c i r c u i t  behavior e n t i r e l y  d i f -  
f e r e n t  from t h a t  with the  sh ie ld .  Whereas da ta  were reproducible and 
e n t i r e l y  consis tent  with all measured quan t i t i e s  fo r  the  runs with the  
s h i e l d  such w a s  not  the  case without the sh ie ld .  Analysis of t he  da ta  
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lead t o  the conclusion t h a t  the  p a r a l l e l  capacitance across the c o i l  
system (i .e. ,  Cp i n  Fig. 6 )  changed not only with t h e  f i e l d  but with the  
amount of power. The e f f e c t  of not considering t h i s  p o s s i b i l i t y  i n  
the  d a t a  reduction i s  an apparent, but erroneous, l a r g e  power t ransfer .  
Further invest igat ion is  needed b d o r e  the no-shield results can be under- 
stood. 

A typ ica l  set of data which show how the r e f l e c t e d  resis tance,  elec- 
t ron  density,  and l i g h t  i n t e n s i t y  vary with magnetic f i e l d  both with and 
without the P.I.G. discharge are shown i n  Fig. 9 .  The marked increase i n  
r e f l e c t e d  resis tance,  e lectron density, and l i g h t  i n t e n s i t y  because of 
the ionizat ion *om the P.I.G. discharge and because of some resonant e f -  

. f e c t  i s  apparent. Without the  P.I.G. discharge only 1 2  t o  23  percent of 
the power w a s  t ransfer red  t o  the  gas whereas with the discharge the e f f i -  
ciency w a s  2 1  t o  55 percent as marked a t  various points  on the curves. 

The electron-density and l igh t - in tens i ty  measurements a r e  shown i n  
( b )  and ( e ) .  
data points  because of l a c k  of suf f ic ien t  number of points  t o  determine 
a good average value. It i s  apparent t h a t  t h e  electron densi ty  and the  
l i g h t  i n t e n s i t y  increase i n  a manner s i m i l a r  t o  the r e f l e c t e d  resis tance.  
With e lec t ron  dens i t ies  of about 10l1 par t ic les /cc  the  degree of ioniza- 
t i o n  w a s  qu i te  low, l e s s  than 1 percent. 

Curves have not been drawn through the  electron-density 

Efficiency of power t r a n s f e r  was af fec ted  somewhat by pressure as 
shown i n  Fig. 10. The r e f l e c t e d  resis tance and, hence, the  power trans- 
fer increased with pressure, the  maximum ef f ic iency  of 60 percent being 
obtained 
noted at 

All 
increase 
value of 

at  2 .0  microns pressure.  
various points  on the  figure.  

A few other  e f f i c i e n c i e s  have been 

of the  measurements described above show a peak, or at l e a s t  an 
f o r  f i e l d  s t rengths  above the t h e o r e t i c a l  ion-cyclotron-resonance 
4220 gauss. This i s  contrary t o  the t h e o r e t i c a l  and experimental 

work done by S t i x  (Refs. 1 t o  3)  where the peaks depart from the ion- 
cyclotron-resonance point  only when the e lec t ron  densi ty  i s  greater  than 
lo1', and i s  contrary t o  the findings of other workers (Refs. 4 and 5) 
which show a small s h i f t  t o  lower f i e l d s  as the  density increases.  

A t e n t a t i v e  explanation f o r  the  present apparent contradiction can 
be made i f  a mixture of atamic and molecular ions i s  assumed t o  e x i s t  i n  
t h e  plasma. 
s i m i l a r  t o  the one used herein and one which w a s  found t o  generate both 
of these  ions i n  approximately equal concentrations. Buchsbaum (Ref. 8) 
shows t h a t  a mixture can change the  resonance point and i d e n t i f i e s  the  
resonant frequencies f o r  a plasma consisting of two ion species as the  
roots  of the  following equation: 

Meyerand and Brown (Ref. 7 )  describe a P.I.G. discharge 
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where 

Lo the wave frequency 

the electron cyclotron frequency % 

the ion cyclotron frequency of species i %i 

w the plasma frequency P 
f '  xl,xz relative concentration of species 1 and 2 

fi m/Mi 

m mass of electron 

Mi mass of ion of species i 

Assuming equal concentrations pf species 1 and 2 and i f  we let 

%l 1 %2 1 - -  - -  - -  Lo - << 1, - - ob % 2 0 0 0 ' %  4000 

then (1) reduces to: 

The experimental conditions were such that at resonance 
%/up, = 0.2. nus, from ( 2 )  

R -  0.705, 7 .65  
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Thus a resonance should be observed a t  B = 5980 gauss. This value 
agrees qui te  w e l l  with the  2.0-micron da ta  (Fig. lo), but the  other  pres-  
sure  data f a l l  between t h i s  value and t h e  atomic-ion-resonance point .  
However, it should be noted t h a t  a resonant peak anywhere between 

and u+,~ 
two species.  The assumption of equal concentrations seems reasonable, 
although w e  have no means at present t o  t e s t  i t s  v a l i d i t y .  

can be predicted by a su i tab le  choice of concentrations of the  

A number of modifications can be made t o  the  apparatus which should 
r e s u l t  i n  improved power t ransfer .  The c o i l  res i s tance  can be reduced 
by using cold water instead of w a r m  water f o r  the  coolant and by s i l v e r -  
p la t ing  the  tubing and connections. Larger i n i t i a l  diameter of the  P;I.G. 
discharge column should improve the coupling between coil. and plasma. 
Different power supplies f o r  the  P.I.G. should a l s o  r e s u l t  i n  grea te r  ion 
dens i t ies  and improved loading. 

Certain other important invest igat ions need t o  be conducted. The 
idea of two d i f f e r e n t  ion species needs t o  be confirmed experimentally. 
A simple mass spectrometer capable of being placed i n  the plasma is  being 
designed t o  determine t h e  r e l a t i v e  concentration of the two species.  
tamination may be present i n  the  system because of the plasma exis t ing  i n  
the  vacuum system f o r  long periods of time and requires  spectrographic 
examination. A m a s s  spectrometer i s  being i n s t a l l e d  i n  the system t o  ex- 
tend t h e  research i n t o  t h i s  area.  Also, an o p t i c a l  spectrometer i s  being 
i n s t a l l e d  f o r  obtaining estimates of t h e  ion temperature. Additional 
work with the  photomultiplier used i n  conjunction with f i l t e r s  f o r  obser- 
vation of l i g h t  of c e r t a i n  wavelengths w i l l  a l s o  be a valuable a s s e t  i n  
analyzing the  plasma. 

Con- 

SUMMARY AND CONCLUSIONS 

The work described i n  t h i s  report  m a y  be summarized as follows: 

1. Apparatus and methods have been developed t o  determine the  amount 
of r . f .  power t ransfer red  continuously t o  a hydrogen plasma. Reflected- 
res i s tance ,  l ight-output ,  and electron-density measurements have been 
made a t  constant r .f .  current of 22 amperes (which resu l ted  i n  powers up 
t o  2 kw), constant frequency of 6 .5 megacycles, pressures from 0.5 t o  2 .0  
microns, and e lec t ron  dens i t ies  of about e lectrons per cubic cent i -  
meter. 

2. Results show t h a t  the resis tance r e f l e c t e d  i n t o  the c i r c u i t  in -  
creased with pressure and power t ransfer  e f f i c i e n c i e s  as high as 50 t o  
60 percent were noted without resor t ing t o  spec ia l  techniques. 

3. There was a resonance ident i f ied  as the point  of m a x i m u m  power 
t r a n s f e r  t o  the plasma which occurred a t  magnetic f i e l d s  about 18 t o  47 
percent grea te r  than t h a t  corresponding t o  ion cyclotron resonance f o r  
atomic hydrogen ions.  Light-intensity and electron-density measurements 
showed s i m i l a r  behavior. 
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4. A possible  explanation fo r  t h i s  s h i f t  i n  t he  resonant point  i s  
t h a t  a mixture of atomic and molecular ions w i l l  show a resonant point  
d i f f e ren t  from t h a t  of e i the r  ion.  

5. Further experimental evidence i s  needed t o  ve r i fy  the  concept of 
two ion species being present  i n  the  plasma. 
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Figure 6. - Actual, basic  and equivalent R.F. c i r c u i t .  
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Figure 9. - Reflected-resistance, llght-intensity. and electron-density data 
with and without P.I.C. dischirge. Pressure, 1.0 mlcron; frequency, 6.5 
megacycles; r . f .  current, 22 amperes. 
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